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Abstract
On August 8, 2017, the Jiuzhaigou Mw 6.5 earthquake occurred in Sichuan province, southwestern China, along the eastern margin of the Tibetan Plateau. The epicenter is surrounded by the Minjiang, Huya, and Tazang Faults. As the seismic activity and tectonics are very complicated, there is controversy regarding the accurate location of the epicenter and the seismic fault of the Jiuzhaigou earthquake. To investigate these aspects, first, the coseismic deformation field was derived from Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar (InSAR) measurements. Second, the fault geometry, coseismic slip model, and Coulomb stress changes around the seismic region were calculated using a homogeneous elastic half-space model. The coseismic deformation field derived from InSAR measurements shows that this event was mainly dominated by a left-lateral strike-slip fault. The maximal and minimal displacements were approximately 0.15 m and − 0.21 m, respectively, along line-of-sight observation. The whole deformation field follows a northwest-trending direction and is mainly concentrated west of the fault. The coseismic slip is 28 km along the strike and 18 km along the dip. It is dominated by a left-lateral strike-slip fault. The average and maximal fault slip is 0.18 and 0.85 m, respectively. The rupture did not fully reach the ground surface. The focal mechanism derived from GPS and InSAR data is consistent with the kinematics and geometry of the Huya Fault. Therefore, we conclude that the northern section or the Shuzheng segment of the Huya Fault is the seismogenic fault. The maximal fault slip is located at 33.25°N and 103.82°E at a depth of ~ 11 km, and the release moment is approximately 6.635 × 1018 Nm, corresponding to a magnitude of Mw 6.49, which is consistent with results reported by the US Geological Survey, Global Centroid Moment Tensor, and other researchers. The coseismic Coulomb stress changes enhanced the stress on the northwest and southeast edges of the northern extension of the Huya Fault. Seismic risks cannot be ignored in the future although aftershocks are fewer in number in these regions.[image: A40623_2018_826_Figa_HTML.gif]
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Introduction
A strong earthquake occurred on August 8, 2017, in Jiuzhaigou county of the Aba region in northern Sichuan province, China, resulting in 25 deaths, 525 injuries, and extensive damage to buildings. The China Earthquake Networks Center (CENC) determined the magnitude was Ms 7.0 and the epicenter was at 33.20°N and 103.88°E, with a focal depth of 20 km (Fig. 1a). The US Geological Survey (USGS) and Global Centroid Moment Tensor (GCMT) Catalog also released the focal mechanism solutions of the earthquake, indicating the magnitude was Mw 6.5 and it was a strike-slip event.[image: A40623_2018_826_Fig1_HTML.gif]
Fig. 1a Topography, faults, GPS velocity field with 95% confidence ellipses relative to the Eurasian Plate, coseismic horizontal GPS deformation and Sentinel-1A SAR image range in the epicenter and the surrounding area of the Jiuzhaigou earthquake. The black curved lines represent faults. The black dashed quadrilaterals represent the area covered by the descending and ascending Sentinel-1A images. The red triangles represent continuous GPS stations of the Crustal Movement Observation Network of China and the blue triangles the Beidou Ground Based Augmentation System stations. The red arrows represent the horizontal velocity field before the earthquake, and the blue arrows represent the coseismic deformation of the horizontal component. b Aftershock distribution, tectonic setting, and GPS velocity with 95% confidence ellipses relative to the Eurasian Plate




The Jiuzhaigou earthquake occurred in the northeastern part of the Tibetan Plateau. It occurred on the eastern edge of the Bayan Har block, a region with complex and varied geological structure (Liu et al. 2006; Wang et al. 2007). The frequent occurrence of strong earthquakes is direct evidence of the tectonic activities of the Bayan Har block, which is a secondary block of the Tibetan Plateau in which earthquake activity has been very strong during recent years (Deng et al. 2014). The eastern Bayan Har block and its vicinity is the leading edge of the Tibetan Plateau. Meanwhile, the Jiuzhaigou earthquake occurred in the middle of China’s north–south seismic belt. The nucleation and occurrence of strong earthquakes depend strongly on tectonic activities over a long timescale, in particular, the crustal deformation of active blocks. The Jiuzhaigou earthquake occurred in the vicinity of the eastern edge of the Bayan Har block, indicating that the block is still active. It is noted that a number of destructive earthquakes have occurred on the boundary of the Bayan Har block since the Mw 7.6 Manyi earthquake in 1997 (Liu et al. 2006). Because the stress transfer caused by strong earthquakes may trigger new earthquakes (Stein 2003), it is important to determine the position and geometry of the seismogenic fault and the coseismic slip model. Based on the seismic stress trigger theory, the study of static Coulomb stress changes resulting from a strong earthquake is very helpful to more fully understand seismic activities that serve to assess the occurrence risk of high-magnitude earthquakes in the future (Xiong et al. 2015; Shan et al. 2012). Because of different opinions on the accurate location of the epicenter and the seismogenic fault of the Jiuzhaigou earthquake, in this study we conducted a joint inversion from coseismic Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar (InSAR) measurements to identify the focal mechanism as well as future impacts on surrounding faults.

Tectonic and crustal deformation settings
The epicenter of the Jiuzhaigou Mw 6.5 earthquake is at the intersection of three tectonic faults: the Tazang, Minjiang, and Huya Faults (Fig. 1a). The catalog of historical earthquakes shows that this area has been subjected to many moderately strong earthquakes. The strongest earthquake was the M8 Wudu earthquake that occurred in 1879 75 km east of the Jiuzhaigou earthquake. The most recent strong earthquake was the Songpan earthquake sequence that occurred on the Huya Fault in 1976 (Tang and Lu 1981) 60–80 km southeast of the Jiuzhaigou earthquake (Fig. 1a). The epicenter of the Jiuzhaigou earthquake as determined by a number of institutes is far from the Minjiang Fault as compared to the other two faults; thus, the Minjiang Fault can be excluded as the possible seismogenic fault. Situated on the eastern edge of the Minshan uplift zone, the Huya Fault is northwest of the Longmenshan Fault, generally trending to the N-NW. It may be divided into northern and southern sections separated by Xiaohe. The strike of the northern section changes from SE-E to SE with a dip of ~ 80°. The strike of the southern section changes from NS to SE and dips westward. The dip angle changes from 70° to 30° from north to south (Tang and Lu 1981). Four moderately strong earthquakes have occurred recorded Huya Fault historical seismicity. The largest was two M7.2 mainshocks of the Songpan earthquake sequence in 1976. The M6.5 Songpan-Huanglong earthquake in 1973 was the nearest event, occurring 30 km south of the epicenter of the Jiuzhaigou earthquake (Fig. 1a). The focal mechanism solutions of the Songpan earthquakes of 1976 indicated that this event on the Huya Fault was a left-lateral slip event (Jones et al. 1984). Zhou et al. (2007) investigated the geological and geomorphological characteristics of the area since the late Quaternary and concluded that the average left-slip rate and vertical slip rate of the Huya Fault are 1.4 and 0.3 mm/a, respectively.
The Tazang Fault is along the eastern section of the eastern Kunlun Fault. It is a left-lateral strike-slip fault, generally trending to the NW with the shape of a reversed S. The Tazang Fault is divided into three sections from west to east: the Luocha, Dongbeicun, and Majiamo sections. The strikes of the three sections are 113°, 142°, and 130°, respectively. Fault deformation patterns during the late Quaternary exhibited were multi-segment and multi-phase. During the Holocene, the Luocha segment was dominated by left-lateral strike-slip shear with velocities ranging from 2.43 to 2.89 mm/a (Hu et al. 2017). The nearest segment to the Jiuzhaigou earthquake is the Majiamo section, which trends to the NW-W, starting from Zhangzha and extending toward the southeast with a dip angle of from 40° to 65°. The total length is ~ 60 km (Fu et al. 2017; Hu et al. 2017). The slip rate of the Tazang Fault decreases from 12.5 mm/a in its mid-section to ~ 1 mm/a at the end of the eastern Kunlun Fault (Kirby et al. 2007). The thrust movement decreases from 1.5 mm/a in the west to ~ 0.2–0.3 mm/a in the east (Ren et al. 2013). Because of the complex geological structure near the epicenter of the Jiuzhaigou earthquake, the southern end of the Tazang Fault is relatively close to the northern section of the Huya Fault, and thus, it is difficult to identify the seismogenic fault of Jiuzhaigou event. According to the distribution of aftershocks (Fig. 1b), the seismogenic fault of this earthquake may be a blind fault extending to the northwest of the Huya Fault or the Tazang Fault northeast of the epicenter.
Present-day crustal deformation monitoring of the seismic region relies mainly on GPS observation. Wang et al. (2008) made use of GPS data of the Minshan block from prior to the Wenchuan earthquake over a span of 10 years to derive the velocity of this region. The crustal shortening rate is approximately 2 mm/a for the Huya Fault. Using horizontal GPS velocities between 2013 and 2015 from the latest data of the Crustal Movement Observation Network of China (CMONOC) (Fig. 1a), we inverted the slip rates across the Huya Fault using a profile projection method. Two pairs of GPS sites spanning the south and north sections of the Huya Fault were chosen to obtain the deformation patterns after the Wenchuan earthquake (Table 1). The deformation of the entire fault exhibited a pattern of left-lateral and thrust motion. This is generally in agreement with the geological results. However, the rate of slip showed a slight discrepancy compared to the geological results. The motion rates in the northern section were faster than those of the southern section; thus, discrepancies in the deformation patterns existed as well (Table 1).Table 1Kinematic characteristics of the southern and northern sections of the Huya Fault derived from GPS velocities between 2013 and 2015


	Profiles
	GPS pairs
	Slip rate (mm/a) in the trending direction
	Slip rate (mm/a) perpendicular to the fault strike
	Kinematics of the fault

	Northern section
	J418 and H030
	0.54
	1.28
	Left-lateral with thrust

	Southern section
	H032 and H034
	− 0.02
	0.46
	Left-lateral






Geodetic observations, processing, and analysis
The GPS data used in this study originated from the CMONOC and the continuous stations of the Beidou Ground Based Augmentation System (BGBAS) within 150 km from the epicenter. The nearest stations to the epicenter are the SCJZ (BGBAS) and SCSP (CMONOC) stations 40 and 65 km away, respectively (Fig. 1a). Because of the lack of available processing software for the Beidou measurements, we only used the GPS data acquired at 30-s samples of 10 days before the earthquake and 4 days after the earthquake. Using GAMIT/GLBOK software and the final precise ephemeris, we calculated the horizontal coseismic displacement of the earthquake (Fig. 1a). Results show that the earthquake resulted in significant horizontal coseismic deformation at both SCJZ and SCSP. The displacement was 14.28 and 8.20 mm, respectively. These two stations are situated on either side of the Huya Fault. The coseismic offset displaced to the NW and SW, respectively, indicating that the coseismic deformation consisted of a left-lateral slip component.
The European Space Agency (ESA) quickly released interferometric wide (IW) mode observations of the Jiuzhaigou region imaged by the Sentinel-1A (C-band) satellite along ascending and descending orbits following the Jiuzhaigou earthquake (Fig. 1a and Table 2). The Scientific Computing Environment (ISCE) InSAR software jointly developed by the Jet Propulsion Laboratory (JPL) and Stanford University was used to process the Sentinel-1A data. Precise orbits released by the ESA and 30-m Shuttle Radar Topography Mission (SRTM) digital elevation models from National Aeronautics and Space Administration (NASA) were used to remove the topographic signature from the InSAR phases (Farr and Kobrick 2000). Interferograms were derived using a multi-look factor of 10 in range and 2 in azimuth. In addition, a weighted power spectrum method was used to filter fringes to generate the wrapped interferograms (Goldstein and Werner 1998). A minimum cost flow method was performed to unwrap the filtered phase. Finally, the unwrapped interferograms were geocoded to a geographic coordinate system and then converted to line-of-sight (LOS) displacements (Fig. 2). A root-mean-square (RMS) error of the interferogram was estimated to assess the precision of InSAR. We used the one-dimensional (1-D) covariance function to describe the RMS characteristics (Parsons et al. 2006). The RMS for InSAR is approximately 1.5 mm, indicating the interferogram is slightly affected by atmospheric disturbance.Table 2InSAR information for Sentinel-1A images


	No.
	Mode
	Acquisition time
	Temporal baseline (d)
	Perpendicular baseline (m)

	Master
	Slave

	1
	Ascending
	2017-07-30
	2017-08-11
	12
	35

	2
	Descending
	2017-08-06
	2017-08-12
	6
	− 92




[image: A40623_2018_826_Fig2_HTML.gif]
Fig. 2Coseismic deformation of the Jiuzhaigou earthquake from InSAR. a, c Present the interferogram and LOS displacements along the ascending orbit. b, d Present the interferogram and LOS displacements along the descending orbit





The interferograms present good coherence and the fringes are relatively continuous because the spatiotemporal baselines used are short (Fig. 2 and Table 2). The coseismic deformation field of LOS obtained from the ascending track data (Fig. 2a, c) presents a shape of a long flat oblate with the long axis trending to the NW with a maximal uplift and subsidence of 0.07 and 0.21 m, respectively. The deformation on both sides of the fault is asymmetric. However, the displacements are mainly concentrated on the west side of the fault, indicating that the fault is dipping to the west. The overall deformation pattern has a subsidence style with slight uplift in the south. The maximal deformation region of the coseismic field obtained from the descending track data is fundamentally consistent with that of the subsidence region obtained from the ascending track data. The deformation is mainly concentrated on the west side of the fault, and the maximal uplift and subsidence are 0.16 and 0.08 m, respectively. The dislocation characteristics obtained from the ascending and descending data have some discrepancies. This is mainly related to the imaging geometry of the satellite and the direction of the surface deformation.
Wang et al. (2014) first used a quadtree algorithm to downsample the InSAR coseismic deformation field along with the corresponding incidence and azimuth of each pixel to improve the inverse calculation efficiency (Lohman and Sinmons 2005). During the quadtree downsampling process in this study, the deformation gradient threshold was set to 0.3 for the near-field region to obtain a higher density of sampling points to employ a tight constraint on the inversion computation. For the far field, the deformation gradient threshold was set to 0.5 to obtain a set of relatively sparse points. Although the final downsampled points totaled 2202, the spatial characteristics of the coseismic deformation can be retained to a maximum extent.

Inversion for fault geometry and coseismic slip model
The geometric parameters of the seismogenic fault were initially determined on the basis of precise relocation of aftershocks within 1 month as well as the coseismic deformation patterns observed by InSAR. The focal mechanism solutions provided by the USGS and GCMT show that the strike of the seismogenic fault is 153° and 150°, respectively, which is consistent with the long axis direction of the aftershock relocations. Meanwhile, the InSAR ascending interferogram indicates the NW fringe is steeper in a NE direction and the southwest gradient is gentler, indicating that the surface projection trace of the fault should trend to the SE. Regarding the dip angle, we set it to a range of from 60° to 90° based on the geological results and the focal mechanism solutions provided by many institutions (Shan et al. 2017b; Yi et al. 2017). The range of aftershocks is generally larger than that of the coseismic rupture (Wells and Coppersmith 1994). The fault length and width were set to 40 km and 30 km, respectively, by combining the focal mechanism solutions and many trial computations. The fault plane was divided into 20 × 15 sub-faults of 2 km × 2 km along the strike and dip direction.
Using the mean value of the observation and the number of sampling points, we normalized various types of observational data to determine the relative weight ratio of GPS and InSAR data in the joint inversion. Considering that the relative position of GPS is precise, we set its relative weight to 1 and set the weight ratio interval of InSAR to (0, 1). The weighted ratio of the minimum fitting GPS residuals was chosen as the optimal relative weight ratio in this interval. A factor of 1:0.2 was chosen as the weight ratio of GPS and InSAR inversion after many calculations. The smoothing factor is generally determined by a trade-off curve of roughness and fitting residuals. We chose 0.08 as the best smoothing factor at the inflection point of the trade-off curve (Fig. 3). Finally, a fault slip model was obtained based on a homogeneous elastic half-space model (Okada 1985) (Fig. 4). Results demonstrated that the coseismic slip was mainly dominated by strike slip. The coseismic slip was mainly distributed for 28 km along the strike and 18 km along the dip. The average and maximal slip was 0.18 and 0.85 m, respectively. The maximal fault slip occurred at 33.25°N, 103.82°E at a depth of ~ 11 km. The dip and rake angles were 81° and − 11°, respectively. The release moment was 6.635 × 1018 Nm, corresponding to a magnitude of Mw 6.49, which is consistent with the focal mechanism solutions obtained by the USGS and GCMT as well as others (Shan et al. 2017b; Wang et al. 2018; Yi et al. 2017).[image: A40623_2018_826_Fig3_HTML.gif]
Fig. 3Trade-off curve of relative fitting residuals and roughness. The pentagram is the position of the smooth factor used
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Fig. 4Coseismic slip model of the Jiuzhaigou earthquake




According to the distribution of the residuals between the observed and simulated coseismic deformation using GPS (Fig. 5), the simulated results of GPS stations close to the epicenter were better and the direction of the simulated value was consistent with the observed value and their differences were less than 2 mm. The residuals for those stations far from the epicenter were relatively greater because the observed coseismic displacements were small in these places. For example, all the stations presented a horizontal displacement from 1 to 2 mm except for GSZQ whose horizontal displacement was 3.5 mm. The simulated coseismic deformation and residual obtained for InSAR data showed that there was good consistency between simulated deformation and observed LOS displacement fields (Fig. 6). The residuals for InSAR were approximately − 6 to 5 mm in the seismic region. The overall residual was approximately 2.5 mm, indicating that the coseismic slip distributions we obtained were reasonable.[image: A40623_2018_826_Fig5_HTML.gif]
Fig. 5a Observed and simulated coseismic deformation using GPS. b Horizontal residuals between observations and simulations




[image: A40623_2018_826_Fig6_HTML.gif]
Fig. 6Simulated coseismic deformation field and residuals for InSAR. a, b Present simulated coseismic deformation and residuals along the descending orbit. c, d Present simulated coseismic deformation and residuals along the ascending orbit






Coseismic Coulomb stress analysis
According to the seismic stress trigger theory, the occurrence of one earthquake event will always lead to a stress redistribution at the epicenter and in its surrounding. The stress change field is not only highly correlated with the distribution of aftershocks, but also affects the seismic risk of the surrounding faults (Alin et al. 2008). Based on the Coulomb failure criterion, Coulomb stress changes are defined as follows:[image: $$\Delta \sigma _{{\text{f}}} = \Delta \tau + \mu ^{{\prime }} \Delta \sigma _{{\text{n}}}$$]

 (1)

where Δτ is the change in shear stress on the fault plane (the direction of the fault slipping is positive); Δσn is the change in normal stress (the tension direction of the fault is positive); and μ′ is the effective friction coefficient; the Coulomb stress changes Δσf will promote fault rupture if it is positive and delay fault rupture if it is negative. We used the PSCMP/PSGRN software package to calculate the coseismic Coulomb stress changes resulting from the Jiuzhaigou earthquake (Wang et al. 2006). The software is based on the layered viscoelastic half-space earth model, which can effectively simulate coseismic and postseismic deformation as well as stress changes. The depth of the Jiuzhaigou earthquake inferred from InSAR and GPS was 11 km. The effective friction coefficient used in the calculation is the common value 0.4 (King et al. 1994). The focal mechanism solutions of a large number of aftershocks are not clear, and the Coulomb stress changes of the optimal rupture plane can effectively explain the pattern of aftershock distributions (Shan et al. 2017a). Hence, we chose the optimal rupture plane as the received fault (Shan et al. 2011). The results showed that the coseismic Coulomb stress distribution resulting from the Jiuzhaigou earthquake was in good agreement with the aftershock distribution, and most of the aftershocks occurred in the region where the Coulomb stress increased (Fig. 7).[image: A40623_2018_826_Fig7_HTML.gif]
Fig. 7Coseismic Coulomb stress changes of the Jiuzhaigou earthquake




Calculation of the Coulomb stress changes on the optimal rupture plane is mainly used to determine the areas where the aftershocks might occur, but it cannot constrain the stress distribution of the other fault planes. Hence, for a specific fault, we need to apply the corresponding fault parameters to determine the Coulomb stress changes on the fault plane. The parameters of some received faults are from Xu et al. (2014) and Wan et al. (2009). The coseismic effect of the Jiuzhaigou earthquake caused significant stress increases greater than 0.01 MPa in the Luocha and Majiamo segments of the Tazang Fault, the Minjiang Fault, and the northern segment of the Huya Fault, while stress decreases in the middle and southern sections of the Minjiang Fault and the Tazang segment of the Tazang Fault. It is noted that four strong earthquakes with a magnitude M > 6.5 occurred in the Huya Fault from 1973 to 1976. Although the stress in most regions of the Huya Fault increased significantly after the Jiuzhaigou earthquake, the seismic risk in the ruptured area is considered low for the future. Zhang et al. (2012) argued that the Tazang Fault has the potential risk of a strong earthquake because the Luocha segment has experienced a Mw 7.3 earthquake during ancient times. The latest historical earthquake occurred on the Majiamo section of the Tazang Fault over 500 years ago (Fu et al. 2017). The seismic risk in this area is increasing because of the stress increase resulting from the Jiuzhaigou earthquake. Although the seismicity of the northern Minjiang Fault is weak, it is able to accumulate the strain energy necessary for a M7.0–7.5 earthquake (Zhou et al. 2000). The M6.8 Zhangla earthquake in 1960 is the latest earthquake to have occurred on the northern Minjiang Fault; no strong earthquakes have occurred in this area recently, which indicates that the seismic risk in the region is relatively high in the future.

Discussion
Precise determination of the position of the seismogenic fault of the Jiuzhaigou Mw 6.5 earthquake and its features can serve as an important clue for the understanding of tectonic characteristics and seismic activities of the region. Regarding the position of the epicenter determined by seismology, there are two types of opinions. One is that the earthquake is the result of extension of the Huya Fault in a NW direction, whereas the other suggests the activity is from the Tazang Fault. Because the epicenter position determined by seismology is not accurate (Zheng and Xie 2017), it is very important to determine the precise position of the epicenter using geodetic observations.
The coseismic deformation field obtained using InSAR data demonstrates an asymmetric distribution concentrated on the west side and with its major axis of deformation in a NW direction; it shows that the seismogenic fault is dipping to the west and has a trending direction to the NW (Fig. 1). The coseismic slip model shows that the fault is a SE-trending fault with a strike of 155°, a rake of − 11°, and a dip of 81° (Fig. 4). This shows that the earthquake was mainly triggered by a left-lateral strike-slip fault. The slip distribution model obtained from the geodetic observations of GPS and InSAR demonstrates that the Jiuzhaigou earthquake did not lead to surface rupture (Fig. 4). Field investigations also did not identify any obvious surface fractures (Xu et al. 2017). These results indicate that the seismogenic fault is a blind fault. Our result is consistent with that of Yi et al. (2017) and Zhang et al. (2017), but it differs from that of Ji et al. (2017) in terms of strike direction and that of Shan et al. (2017b) in terms of dip angle (Table 3). Yi et al. (2017) used the waveforms of the main shock and aftershocks to invert the focal mechanism. Zhang et al. (2017) applied the waveforms and InSAR to invert the focal mechanism. We believe the results from Yi et al. (2017) and Zhang et al. (2017) are more accurate.Table 3Focal mechanism solutions of the Jiuzhaigou earthquake from different researchers


	References
	Strike
	Dip (°)
	Rake (°)
	Depth (km)
	Max. slip (m)
	Magnitude (Mw)

	Ji et al. (2017)
	NW-NNW
	70
	/
	9
	0.77
	6.46

	Shan et al. (2017b)
	153°
	50
	− 9
	8
	1
	6.5

	Zhang et al. (2017)
	153°
	84
	− 19.5
	11
	1
	6.5

	Yi et al. (2017)
	152°
	70
	/
	5
	/
	6.4

	This study
	155°
	81
	− 11
	11
	0.85
	6.49




The fault deformation characteristics obtained from geodetic inversion (coseismic) and GPS observations between 2013 and 2015 (interseismic) are different (Table 1). The discrepancies can largely be attributed to the sparseness of the GPS stations and their long distance from the fault. Meanwhile, the postseismic deformation resulting from the Wenchuan earthquake has also affected the results. Zhao (2017) demonstrated that the postseismic deformation in the Jiuzhaigou region caused by the Wenchuan earthquake was approximately 0.2 mm/a by the end of 2016. This result indicates that the effects of postseismic deformation resulting from the Wenchuan earthquake are negligible.
Hu et al. (2017) concluded that the western section of the Tazang Fault was dominated by horizontal shear motion and that the strike-slip component of the southeastern section gradually diminished. The Huya Fault is a left-lateral strike-slip fault with a thrust component and is roughly divided into northern and southern segments by Xiaohe. The northern segment is dominated by strike-slip movement with a dipping direction to the NE and a dip angle of 80° (Ren et al. 2013). The southern segment inclines to the SW and is mainly controlled by inverse motion (Jones et al. 1984). Although the epicenter of the Jiuzhaigou earthquake is near the southeastern section of the Tazang Fault, the focal mechanism solution obtained in this study shows an obvious discrepancy from the geological characteristics of the southeastern section of the Tazang Fault. In contrast, the geometric features and focal mechanism solution of the seismogenic fault are very consistent with those of the northern section of the Huya Fault. The historical earthquake catalog of the Huya Fault shows three moderately strong earthquakes occurred in the southern section of the fault during 1976 and completely ruptured to the surface. However, seismic activities at the northern section of the Huya Fault have noticeably diminished following the Songpan–Huanglong M6.5 earthquake in 1973. Furthermore, the focal mechanism of the Jiuzhaigou earthquake is similar to that of the Songpan–Huanglong M6.5 earthquake of 1973 which, along with three other moderately strong earthquakes that occurred in Songpan during 1976, formed an earthquake belt with a NW-trending direction. Therefore, we believe the Jiuzhaigou earthquake could be the result of extensional activity along the northern section of the Huya Fault toward the NW. This result is consistent with Xu et al. (2017) and Yi et al. (2017), both of them suggest the Huya Fault belongs to one of the tail structures or branches at the easternmost end of the eastern Kunlun fault zone. Yi et al. (2017) defined the Shuzheng Fault as the seismogenic fault, which may be connected to the Huya Fault to the southeast. However, because the Shuzheng Fault has not been reported previously, we suggest the seismogenic fault of the Jiuzhaigou earthquake is the Shuzheng segment of the northern Huya Fault.
Based on the results of coseismic Coulomb stress changes, the Coulomb stress presented a clear incensement in four areas resulting from the Jiuzhaigou earthquake. The aftershocks were mainly concentrated at the NW and SE ends of the seismogenic fault. They trend in a N-NW direction, corresponding to the extension of the northern section of the Huya Fault. This demonstrates that the aftershocks were the result of a continuous energy release from the Huya Fault. This further shows that the Jiuzhaigou earthquake was the result of NW extension and fracture of the northern section of the Huya Fault. It should also be noted that no aftershocks were recorded in the stress-reinforced regions at the NW and SE edges of the seismogenic fault. Considering that the epicenter and its vicinity have similar structural stress fields, the absence of aftershocks is an indication that these regions are still in a locked state and the stress has not yet been released. The occurrence risk of a high-magnitude earthquake cannot be ignored in this region in the future. Conversely, the GPS deformation field from 2013 to 2015 indicated that although the slip rate of the northern section of the Huya Fault was faster than that of the southern section (Table 1), the slip model of the Jiuzhaigou earthquake presented a single point source model and did not result in surface rupture. This also indicates that it is likely that the stress has not yet been completely released and attention should be paid to the northern section of the Huya Fault regarding earthquake risk in the future.
The static Coulomb stress changes show that the stress increased beyond the earthquake trigger threshold of 0.01 MPa in the Luocha and Majiamo segments of the Tazang Fault, the northern Minjiang Fault, and the southern Huya Fault. Because the seismic activity of the southern Huya Fault is relatively weak and several strong earthquakes have occurred recently, the seismic risk of the southern Huya Fault is relatively low. However, the seismic risk for the Luocha and Majiamo segments of the Tazang Fault and the northern Minjiang Fault is increasing because strong earthquakes have not occurred in these areas in quite some time.
A series of strong earthquakes have occurred on the secondary active faults on the eastern and southeastern Tibetan Plateau including the Jiuzhaigou (Mw 6.5), Ludian (Mw 6.2), Jinggu (Mw 6.2), and Kangding (Mw 6.0) earthquakes since the great Mw 7.9 Wenchuan earthquake. The Bayan Har block is among the most frequently seismically active secondary blocks affected by strong earthquakes since the 1997 Manyi Mw 7.6 earthquake. Generally, frequent strong earthquakes in this region are mainly dominated by extrusion movement from the Tibetan Plateau. On the other hand, Coulomb stress changes induced from a strong earthquake can not only dissipate, but also move up and down fault segments, concentrating and promoting subsequent tremors (Toda 2008). It is necessary to assess the seismic hazard by analyzing the Coulomb stress changes caused by strong earthquakes on different fault planes, in cooperation with geodetic observations and seismic activities.

Conclusion

                	1.We obtained the coseismic deformation field of the Jiuzhaigou Mw 6.5 earthquake that occurred on August 8, 2017 using GPS and InSAR data. Kinematic characteristics have tentatively demonstrated a clear left-lateral slip characteristic of the earthquake. The coseismic slip model derived from a homogeneous elastic half-space inversion also shows that the earthquake was dominated by left-lateral slip. The earthquake rupture did not reach the ground surface, consistent with emergency field investigations. The seismogenic fault is 40 km in length, 30 km in width, and has a strike of 155° with a dip angle of 81° and a rake angle of ~ 11°. The maximal fault slip is at 33.25°N, 103.82°E and at a depth of ~ 11 km. The moment was 6.635 × 1018 Nm, corresponding to a magnitude of Mw 6.49. This is consistent with the focal mechanism solutions provided by the USGS, GCMT, and other researchers.


 

	2.Based on the coseismic slip model obtained from GPS and InSAR data, the coseismic static Coulomb stress, and the precise positions of aftershocks, the kinematic characteristics of the seismogenic fault do not match those of the southeastern section of the Tazang Fault but agree well with those of the northern section of the Huya Fault. These results indicate that the earthquake did not occur at the southeastern end of the Tazang Fault but instead occurred in the northern section of the Huya Fault. We define the seismogenic fault of the Jiuzhaigou earthquake as the Shuzheng segment of the northern Huya Fault, which is currently a blind fault.


 

	3.Coseismic Coulomb stress resulting from the Jiuzhaigou earthquake increased at the NW and SE edges of the Shuzheng segment of the northern Huya Fault. The small number of aftershocks is an indication that the seismic risk in these regions cannot be ignored in the future.
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